Recent experimental results on exclusive semi-tauonic B meson decays,B → D ( * ) τν, show sizable deviations from the standard model prediction, while the recent result on pure-tauonic decay,B → τν, reduces the deviation from the prediction. These results suggest an indirect evidence of new physics in which the structure of the relevant weak charged interaction may differ from that of the standard model. We study these tauonic B decays in the context of extensions of the Higgs sector. As a result, we find that two Higgs doublet models without tree-level FCNC are unlikely to explain the present experimental data while those allowing FCNC are consistent with the data.
I. INTRODUCTION
Among the B meson decays,B → τν andB → D ( * ) τν contain both the heavy quark (b) and lepton (τ ) in the third generation. Therefore these processes are relatively sensitive to the effect of the charged Higgs bosons [1, 2] , while they are described as processes mediated by a W boson in the SM as shown in Fig. 1 . Then these tauonic B decays are the golden modes in the search for the charged Higgs bosons at a future super B factory. From the experimental point of view, these decay processes are rather difficult to be identified because of two or more missing neutrinos in the final states. At (super) B factories, however, reconstructing one of the B mesons in the e + e − → Υ(4S) → BB reaction, one can compare properties of the remaining particles to those expected for signal and background. This method allows us to identify and measure the B meson decays including missing particles.B coming from the fit of CKM triangle [3] and f B = (191 ± 9)MeV determined by the lattice QCD study [4] . For a precise prediction ofB → D ( * ) τν, it is useful to take the ratio of branching fraction to these light-leptonic decay modes. The ratios of the branching fractions are defined by
and its value in the SM is precisely evaluated by use of a heavy quark effective theory [5] . The Belle and BABAR collaborations reported their new results ofB → τν andB → D ( * ) τν respectively in the last year [6, 7] using the full data set. In Table I , we summarize the experimental results and the theoretical predictions in the SM, where the average values are obtained by the combination of BABAR [7, 8] and Belle [6, [11] [12] [13] assuming the gaussian distribution. As seen in Table I , the SM is disfavored at 3.5σ inB → D ( * ) τν while the result inB → τν is consistent with the prediction in the SM. Then these results imply an existence of sizable new physics effects inB → D ( * ) τν. As shown in Ref. [7] , however, one finds that these excesses cannot be explained by a charged Higgs boson in the two Higgs doublet model (2HDM) of type II at the same time. It is easily expected that the situation on both the results ofB → D ( * ) τν andB → τν is not suitable for the 2HDM because the result of B → τν is consistent with the prediction in the SM as explained above. In this work, we investigate the tauonic B decays in the 2HDMs with/without flavor changing neutral current (FCNC) in the Yukawa term and discuss a possibility to explain the recent results of these decays within the 2HDMs. 
II. TWO HIGGS DOUBLET MODELS
As known well, the 2HDMs contribute to the tauonic B meson decays and its effect is enhanced in some cases. In order to forbid flavor changing neutral currents (FCNC) at the tree level, a Z 2 symmetry is often imposed in this class of models and it results in four distinct 2HDMs [14] . Their Yukawa terms are described as
where H 1,2 are Higgs doublets defined as
and v i denotes the vacuum expectation value (VEV) of H i . The ratio of two VEVs is defined as tan β = v 2 /v 1 and v = v 2 1 + v 2 2 = 246GeV. In type I, all masses of quarks and leptons are given by v 2 . In type II, the down-type quarks and leptons acquire their masses from v 1 , while the up-type quarks from v 2 . In type X, the Higgs fields H 2 and H 1 give the masses to the quarks and the leptons respectively. In type Y, the masses of the down-type quarks are given by v 1 and other fermions obtain their masses from v 2 . Under this definition v 2 generates up-quark masses in any types of Yukawa interaction. These 2HDMs contain a pair of physical charged Higgs bosons, which contributes toB → τν andB → D ( * ) τν at the tree level. The relevant effective Lagrangian is represented as
with
where q = c(u) corresponds to the case ofB → D ( * ) τν (B → τν) and m H ± is the mass of the charged Higgs boson. The parameters ξ d and ξ u are presented in Table II . One can see that the charged Higgs interaction corresponding to S 1 -type affectB → τν andB → D ( * ) τν in the same fashion. For the S 2 -type operator, the contribution of the charged Higgs toB → τν is very suppressed due to the small up quark mass. As explained in Sec. I, a sizable new physics effect on R(D ( * ) ) is needed in order to explain the experimental results. Thus it is naively expected that S 2 -type interaction in the 2HDMs is suitable to explain the recent experimental results [14] . Therefore, the S 2 -type operator cannot have sizable effect on B → D ( * ) τν in the 2HDM. As a consequence, the type II of ξ d = tan 2 β is only the case to be sizable and only C u,c S1 in the 2HDM of type II is potentially enhanced. In Fig. 2 , we show the χ 2 fit of the charged Higgs parameter tan β/m H ± to the experimental results in the 2HDM of type II. The black dashed line represents the χ 2 fit to the results of R(D ( * ) ), which suggest that any value of tan β/m H ± is excluded at more than 99.8% confidence level (CL). The black solid line indicates the χ 2 fit to both the results of B(B → τν) and R(D ( * ) ), in which we can see that the sizable value of tan β/m H ± is disfavored at more than 99.9% CL. It is noted that the exclusion CL in the small value coming from the fit to all the tauonic B decays is smaller than that to only R(D ( * ) ). This is because the result of B(B → τν) is near consistent with the SM prediction.
III. TREE LEVEL FCNC IN YUKAWA SECTOR
A possible solution within 2HDMs is to violate the Z 2 symmetry at the cost of FCNC. We introduce the following Z 2 breaking terms in the above four models:
where ǫ ′′ u,d are 3 × 3 matrices that control FCNC and the quark fields are those in the weak basis. To obtain the charged Higgs interaction in the mass basis, first let us rotate the quark fields into
so as to diagonalize Y u,d . Then, the mass matrices are rewritten as 
where
the mass matrices are diagonalized:
where we define
in Eqs. (13) and (14) by use of the diagonalized quark masses M D u,d and the extra coupling ǫ u,d that induce FCNC, the physical charged Higgs and fermion interacting terms take the following form:
is the CKM matrix in the (true) quark mass basis. Table III shows the expressions of Z u,d,ℓ , where M u,d,ℓ denote the diagonal up-type quark, down-type quark, and lepton mass matrices, and ǫ u,d represent matrices ǫ ′′ u,d in the quark mass basis as defined above. The FCNC in the down-quark sector is strongly constrained from several B meson decay processes, so that ǫ d is negligible. On the other hand, constraints on the FCNC in the up quark sector are rather weak. Recently the 2HDM of type II that allows FCNC in the up quark sector is studied to explainB → τν andB → D ( * ) τν at the same time [15] . As can be seen in Table III , we find that the S 2 operator in not only type II but also type X might be significant for large tan β. The corresponding Wilson coefficient is given by
In this case, the different components ǫ tu u and ǫ tc u of the FCNC matrix are involved inB → τν andB → D ( * ) τν. As seen in Ref. [16] , the current experimental results ofB → D ( * ) τν are described by the 2HDM of type II or X with FCNC provided that |ǫ tc u | ∼ 1, while ǫ tu u is highly suppressed because of the enhancement factor V tb /V ub . If this is the case, we expect sizable deviations in polarizations P τ (D ( * ) ) and P D * from the SM as suggested in Ref. [16] [17] [18] .
The large component ǫ tc u affects the top quark decay to charm quark. The Lagrangian which induce the FCNC process in the up-quark sector is given by
where h(H) is the light(heavy) physical CP even Higgs, A is the CP odd Higgs, and α is a mixing angle between these two physical CP even Higgs. For example, let us consider the decay process t → ch. The decay rate Γ(t → ch) is calculated as
where m h ≃ 126GeV is obtained by the ATLAS [19] and CMS [20] experiments. The ratio of Γ(t → ch) and Γ(t → bW ), which is the dominant decay process, is naively evaluated as
Therefore, the large value |ǫ tc u | ∼ 1 desired forB → D ( * ) τν gives at most around 10% of the branching ratio. The top quark decay to charm quark might be difficult to measure at the LHC experiment due to charm identification and good target for the ILC experiment.
IV. SUMMARY AND DISCUSSION
The latest results of R(D ( * ) ) show sizable deviations from the SM prediction, while that of B(B → τν) turns out to be consistent with the SM prediction with some accuracy. In response, we have studied the effects on B → τν andB → D ( * ) τν in the 2HDMs. We have shown that the four distinct 2HDMs on which the Z 2 symmetry is imposed in the Yukawa term cannot have large contributions toB → D ( * ) τν except for the type II in the operatorc L b RτR (ν τ ) L . The 2HDM of type II, however, is unlikely to explain the experimental results ofB → τν andB → D ( * ) τν as we have represented in Fig. 2 . In order to solve this situation within 2HDMs, we have studied the 2HDMs allowing the FCNC in the Yukawa term. As a result, we have shown that the 2HDMs of type II and X can explain the experimental results at the cost of the Higgs induced FCNC in the top quark decays. In addition, we have estimated the contribution of the Higgs induced FCNC to the decay t → ch when the sizable FCNC effect, which is needed forB → D ( * ) τν, exists. In a future experiment such as the ILC, this process might be measured and useful to confirm the scenario discussed in this work.
